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Background: The antimitotic agent taxol is an impor-
tant new drug for the treatment of certain cancers. It
blocks the cell cycle in its G1 or M phases by stabilizing
the microtubule cytoskeleton against depolymerization.
Results: We have used electron cryomicroscopy and
image analysis to investigate the structure of microtubules
assembled in vitro, and found that their fine structure was
sensitive to the presence of taxol. The conformation of
the microtubule lattice depended on whether the drug
was added before or after assembly. The structure of pre-
assembled microtubules changed only slightly when taxol
was added; a larger change was observed when micro-
tubules were assembled in the presence of the drug. In
both cases, taxol-containing microtubules were stable
over many days at, or below, room temperature.
Conclusions: As in another recent investigation using
guanylyl-(ot,3)-methylene-diphosphonate (a non-hydrolyz-
able GTP analogue), microtubule stabilization with taxol
is accompanied by a conformational change in the micro-
tubule surface lattice and, implicitly, in the tubulin dimer.
We speculate that a general mechanism may underlie the
stabilization of microtubules by different agents.
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Background
Microtubules are ubiquitous components of the cyto-
skeleton in eukaryotic cells and are essential for cell divi-
sion. They are hollow cylinders, approximately 24 nm in
diameter, with a wall consisting of a lattice of tubulin
heterodimers [1] that are aligned head-to-tail to form
protofilaments. In living cells, microtubules usually have
13 protofilaments aligned parallel to the microtubule
axis. Microtubule assembly requires the association of
GTP with an exchangeable site on the -tubulin sub-
unit. GTP hydrolysis occurs at a stage during, or after,
assembly; hydrolysis is not required for assembly, but is a
prerequisite for microtubule shrinkage [2].
Microtubule populations with a range of protofilament
numbers (N) can be obtained in vitro by the assembly of
purified tubulin. The microtubule surface lattice reorga-
nizes itself to accommodate different numbers of
protofilaments by a small global rotation so that the
protofilaments become long-pitch helices. As a result of
this supertwist, electron micrographs of microtubules in
vitreous ice show characteristic moir6 patterns that allow
the lattice rotation and number of protofilaments to be
detected directly. Figure 1 summarizes how images of
microtubules give information about the organization of
the surface lattice. In particular, the repeat length of the
moire fringes along the microtubule, LN, is exquisitely
sensitive to the geometry of the surface lattice [3-5]. In
addition, the spacing of the tubulin subunits along the
protofilaments can be determined from the optical or
computed diffraction patterns of the micrographs [1,6].
Taxol is an antimitotic agent and is an important new
drug for the treatment of certain cancers [7]. It is a di-
terpenoid that can be extracted from the bark of yew
trees [8]; it can also be obtained by partial synthesis from
a precursor found in yew leaves [9] or by complete
chemical synthesis [10,11]. Starting from the precursor, it
has been possible to synthesize other compounds with
similar properties to taxol. Amongst the many micro-
tubule-directed drugs, the taxol family are unique in that
they stabilize cytoskeletal microtubules against depoly-
merization [12]. The mechanism of stabilization is not
known, but there have been two recent reports on cross-
linking photoactive taxol derivatives to tubulin. One
indicates that taxol interacts with an amino-terminal
region (31 amino acids in length) of 3-tubulin [13], and
the other indicates a 2.5-fold higher labeling of P-tubulin
than a-tubulin [14]. It has also been reported that micro-
tubules assembled in the presence of taxol tend to have
12, rather than 13, protofilaments [15,16].
Taxol blocks the cell cycle in its G1 or M phases by stabi-
lizing the microtubule cytoskeleton against depolymer-
ization - the basis of its clinical use in cancer therapy. In
vitro, it decreases the critical concentration for tubulin
assembly, increases the polymerization rate and stabilizes
microtubules against the effects of cold, the presence of
calcium, dilution or the action of other drugs. Taxol is
widely used in various aspects of microtubule biochem-
istry, such as the purification of tubulin and microtubule-
associated proteins, including motor proteins. It is also
used in experiments requiring stable microtubules; an
example is the measurement of the ATPase activity of the
kinesin family of molecular motors, which is strongly
dependent on the presence of microtubules. Taxol-
stabilized microtubules have been used for almost all bio-
physical investigations concerning the direction, velocity
and displacement increments of the kinesin-like molecu-
lar motors as well as experiments on the relationship
between movement and ATP hydrolysis.
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In this context, and with the long-term view of designing proposed that microtubule stabilization could be linked to
improved drugs, it is clearly necessary to know how taxol a conformational change of the tubulin dimer that keeps
stabilizes microtubules and influences their structure. the protofilaments straight and prevents the protofila-
Beyond this, one might ask whether there are common ment-curling at the microtubule ends that occurs during
features underlying the stabilization of microtubules under microtubule disassembly. We ask whether this might be a
widely different conditions involving, for example, general stabilization mechanism and, more precisely,
glycerol, GTP analogues or various microtubule-associ- whether it could apply to taxol-containing microtubules.
ated proteins. It has been shown recently that there are
structural differences between control microtubules We have used electron cryomicroscopy and image analysis
assembled in the presence of GTP and those assembled in to investigate the structure of microtubules assembled in
the presence of guanylyl-(o,13)-methylene-diphosphonate vitro, and we find that their fine structure is sensitive to the
(GMPCPP), a non-hydrolyzable GTP analogue [6]. It was presence of taxol. The conformation of the microtubule
Fig. 1. Analysis of moire patterns and
the lattice-rotation model. (a) Images
obtained by transmission electron
microscopy of biological specimens rep-
resent, to a good approximation, projec-
tions of the structure along the direction
of the transmitted electron beam. In the
case of microtubules observed in vitre-
ous ice, the most striking image features
are the fringe patterns running length-
wise along the microtubule; this is
shown for a computer-generated image
of a model 14-protofilament micro-
tubule. Based on the fringe patterns, the
images can be classed into distinct types
that are characteristic of the number of
protofilaments present in the micro-
tubule. The patterns are related to small
rotations of the protofilaments away
from the alignment parallel to the micro-
tubule axis that is characteristic of the
ideal 13-protofilament microtubule. The
rotated protofilaments are periodically
superposed or intercalated in projection
to give the characteristic fringe patterns
of periodicity LN. Blurred patches appear
every half-period, marked by black cir-
cles (see Fig. 3). (b) The rotation of the
surface lattice allows microtubules to
accommodate different numbers of
protofilaments whilst maintaining the
local surface-lattice geometry found in
13-protofilament microtubules. (1) A 13-
protofilament microtubule. Equivalent
subunits in adjacent protofilaments are
shifted vertically by r (rise; not shown),
to form a slanting path that, after a com-
plete turn, moves upwards by exactly
three subunit lengths (3 x a) along the
first protofilament. The path can be
extended and describes a helix. Usually, three such helices (the three-start helix family) are needed to completely fill-in the micro-
tubule surface lattice. (2) For other protofilament numbers (N), or for changes in r or a, the slanting path no longer matches exactly an
integral number of subunits along the reference protofilament. The mismatch, D, is the difference between the total rise along the slant-
ing path and the imposed helix pitch, which must be an integral number of subunits (S) along a protofilament (usually, as above, S = 3).
Thus, D = total rise - imposed pitch (D = rN - Sa). (3) The discontinuity induced by the change in protofilament number is taken up by
a small overall rotation of the lattice so that, after one turn, the slanting path moves up or down by D to match the reference protofila-
ment. The surface lattice rotation, O, is given by tan = D/xpN, where x is the separation between protofilaments. As a result of the
rotation, the protofilaments follow a long-pitch helix which will be left-handed, as shown, when D is positive, and right-handed when
it is negative (assuming a left-handed three-start helix model). The resulting periodicity of the moire fringe patterns is given by
LN = Nx P2/(rN - Sa). The periodicity depends strongly on N. For microtubules assembled in vitro in the presence of GTP, the experi-
mental values of LN for different protofilament numbers have been shown to be in good overall agreement with the above formula
[3-5,16]. This indicates that the moire pattern periodicity can be used as a sensitive detector of the pitch of the protofilament superhe-
lices and hence of small changes in the conformation of the microtubule surface lattice. In the periodicity equation, the two parameters
a and x are related to the length and width of the tubulin subunits, respectively, and r is the rise between monomers in adjacent
protofilaments. These three parameters define the geometry of the microtubule surface lattice and, for a given value of N, changing
them will change LN in a predictable manner [6].
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lattice depends on whether taxol is added before or after
assembly. The structure of preassembled microtubules
changes only slightly when taxol is added, but a larger
change is observed when microtubules are assembled in
the presence of the drug. In both cases, taxol-containing




Using taxol, stable microtubules can be obtained either
by adding the drug to preassembled microtubules or by
adding it to tubulin before assembly is initiated. We have
compared microtubules obtained under these two condi-
tions with control microtubules produced by standard
assembly without taxol (Fig. 2). As taxol considerably
reduces the minimum concentration of tubulin neces-
sary for assembly (the critical concentration is in the
range 0-4 IM) [17], all experiments with taxol were
carried out at a tubulin concentration of 4 RIM; this is a
ten-fold dilution compared to the standard assembly
conditions. Preliminary experiments showed that, as
measured by turbidity, taxol considerably increased the
rate of assembly and the total polymer mass.
In the early stages of assembly with taxol there were, in
addition to microtubules, many sheet-like forms and iso-
lated protofilaments or groups of protofilaments (see
below). The sheets and protofilaments disappeared pro-
gressively, leaving long 'stable' microtubules. We also
found that the addition of taxol to preassembled micro-
tubules initiated a new round of assembly, despite the
accompanying ten-fold dilution. This behaviour makes it
difficult to use identical time points to compare these
microtubules to the standard specimens prepared soon
after assembly. Fortunately, taxol-containing microtubules
were stable over many days, so comparable specimens
could be prepared a day or more after initiating assembly.
Microtubule populations
The distinctive moire patterns shown in vitreous ice give
a direct identification of the number of protofilaments for
each microtubule (Fig. 3, Table 1). This is the key to the
analysis of the microtubule populations for the three
assembly conditions shown in Figure 2. Figure 4a shows
that for the standard assembly conditions, the population
consisted essentially of 13-, 14- and 15-protofilament
microtubules (39.2 %, 28.8 % and 31.5 % of the total,
respectively), with very few (0.3 %) 12-protofilament
microtubules. For assembly in the presence of taxol, the
population shifted significantly with a majority of 12-
and 13-protofilament structures, (36.9 % and 50.6 %,
respectively), and a few microtubules with 14 (7.7 %) or
15 (4.8 %) protofilaments. When taxol was added to pre-
assembled microtubules, the main effect was to stabilize
the existing population (Fig. 4b). Interestingly, a number
of 12-protofilament microtubules appeared (6.8 %), indi-
cating that a new round of assembly had been initiated
and that the critical tubulin concentration for assembly
with taxol must be below 4 uM [17]. As in the case of
assembly with taxol, there appeared to be no significant
evolution of the population over time.
This analysis gives a direct and accurate view of the effect
of taxol on the microtubule population. It can be com-
pared to the results of investigations using X-ray solution
Fig. 2. Preparation of microtubules in the presence of taxol. Tubulin was purified according to established procedures [32] and used at
a concentration of 40 ,IM in PEM buffer with 500 M GTP. Aliquots were incubated on ice for 30 min, and microtubule assembly at
37 C was followed on a spectrophotometer at 350 nm. Taxol was dissolved in DMSO at 10 mM and stored at -80 C until use. Taxol
decreases the critical tubulin concentration necessary for assembly. The diagram shows the three experiments carried out in parallel. (1)
The reference assembly, tubulin concentration 40 ,uM; (2) assembly in the presence of 10 ,aM taxol at 4 pIM tubulin; (3) taxol at 10 p.M
is added to preassembled microtubules with dilution to 4 ILM tubulin in order to reduce, as much as possible, a new round of micro-
tubule assembly. Specimens for electron microscopy were prepared as described in Materials and methods.
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Fig. 3. Microtubules embedded in vitre-
ous ice. This is the reference assembly,
with no taxol, and has a population
with mostly 13-, 14- and 15-protofila-
ment microtubules, as shown here and
in Table 1. The positions of the blurred
regions along the moire patterns are
indicated by circles along some micro-
tubules.
scattering, which have shown that microtubules assem-
bled in the presence of taxol have, on average, 12
protofilaments, compared to a reference assembly of 13
protofilaments [15]. The results in Figure 4 confirm, in
considerably more detail, the solution-scattering results.
A remarkable feature is that the presence of taxol ensures
that microtubules are stable at room temperature, or
below, for many days, compared to only a few hours for
the standard assembly conditions.
Taxol influences the structure of microtubules
The moire patterns in microtubule images are sensitive
to the geometry of tubulin-tubulin subunit interactions
in the surface lattice (Figs 1,3). We therefore examined
the behaviour of LN, the moir6 repeat length. The
experimental results for the microtubule categories iden-
tified in Figure 4 were compared to the theoretical values
for the control conditions predicted by the standard
accommodation theory (Table 1) [3,4]. Overall, the
experimental values of the moir6 repeat distances
obtained for the control assembly were in good agree-
ment with theory [4,16]. In the presence of taxol, added
either before or after assembly, small but consistent
changes were found for the periodicity of the moir6
fringes. For canonical microtubules (N = 13), the moir6
period was too long to be measured under standard
assembly conditions because the protofilaments were par-
allel, or very close to parallel, to the microtubule axis.
With taxol, there was a visible moire repeat that was still
rather too long to obtain accurate measurements - the
values given are purely indicative. For the other protofil-
ament numbers, it is significant that the period was
slightly decreased for N = 12, whereas for N = 14 or 15
the periodicity increased. All of these structures belong
to the three-start family. With taxol, a new N = 15 cate-
gory also appeared (15*; see Table 1), which had a moir6
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repeat distinctly smaller than the control. The diffraction
patterns of this microtubule class indicated that they were
four-start structures.
In a recent investigation of microtubule structure in the
presence of GMPCPP, we found that LN was much
longer in the presence of the analogue than for the stan-
dard assembly with GTP [6]. The change in the moire
pattern could be explained by a 0.15 nm increase in the
subunit spacing along the protofilaments. In order to
investigate similar effects in response to taxol, we mea-
sured the position of the first layer-line on the computed
diffraction patterns of many individual microtubule
images; the micrograph magnifications were carefully cal-
ibrated. Nominally, the peak measured on this layer-line
Fig. 4. Taxol influences the microtubule populations produced in
the assembly conditions shown in Fig. 2. (a) Assembly in the pres-
ence of taxol. (b) Taxol added after microtubule assembly. The
data are obtained from electron micrographs of vitreous-ice-
embedded specimens by measuring the lengths of the different
microtubules, classified according to the number of protofila-
ments. They are represented here as percentages of the total micro-
tubule lengths measured in each of the experiments 1-3 of Fig. 2.
Reference specimens were prepared 40 min after the beginning of
assembly - on the assembly plateau, as measured by spectropho-
tometry. In the presence of taxol, specimens were prepared from
day 1 onwards. This was necessary because in the initial stages of
assembly there are a great number of transient assembly forms
other than microtubules, such as sheets, isolated protofilaments
and many short microtubules, due to a high nucleation rate.
corresponds to a spacing of 4 nm [1]. For the reference
assembly, we found an average spacing of
4.01 + 0.03 nm; for assembly in the presence of taxol the
equivalent spacing was 4.16 ± 0.04 nm (Fig. 5a).
When taxol was added after assembly, we found a binodal
distribution with two distinct peaks, A and B, centred on
the spacings 4.05 ± 0.03 nm and 4.17 + 0.02 nm, respec-
tively (Fig. 5b). All of the 12-protofilament microtubules
and the 15* structures were found in peak B. This indi-
cated that this peak might be made up essentially of
microtubules assembled in the presence of taxol. In a sec-
ond experiment, the assembled microtubules were there-
fore centrifuged before adding taxol. Specimens for
cryomicroscopy were prepared by discarding the super-
natant and resuspending the pellet in assembly buffer
with 10 ,uM taxol. The computed diffraction patterns of
microtubules in these samples showed a peak at the
smaller spacing, position A, with no 12- or 15*-protofil-
ament microtubules in the sample. This established that
peak A contained preassembled, taxol-stabilized micro-
tubules and that peak B resulted from a new round of
assembly provoked by the presence of taxol. Further-
more, this experiment shows that the critical concentra-
tion of tubulin for assembly is well below 4 uM in the
presence of the drug.
How are the changes in the diffraction patterns related to
the moire periodicity, LN? It is straightforward to calculate
how LN changes in response to variations in the geometry
of the microtubule surface lattice [6]. As far as the subunit
spacings along the protofilaments are concerned, we con-
sidered two possibilities. Firstly, the subunits could expand
uniformly lengthwise; this would have little effect on LN,
because the ratio of the subunit spacing to the rise (a to r)
is constant (see Fig. 1 legend). Secondly, the subunits
could lengthen locally, some distance from the region
involved in the inter-protofilament interactions, so that
the rise is unaffected; this would have a significant effect
on LN. For example, as the subunits lengthen, Ll 4 would
increase whereas L12 would decrease. In principal then,
the two possibilities can be clearly distinguished. In the
case of preassembled microtubules, the 0.04 nm spacing
change in the presence of taxol (peak A, Fig. 5b), suggests
that the changes in LN compared to that of the control
microtubules were due to the second mechanism. When
microtubules were assembled with taxol, there was a big-
ger change in subunit spacing, 0.15 nm, but LN had the
same value as above. This can be explained if the tubulin
subunits undergo a lengthwise conformational change
that is the sum of two components - a 0.11 nm overall
expansion that does not affect LN and a local 0.04 nm
change that does.
Taxol influences microtubule assembly and growth
Figure 6 shows images of vitreous-ice-embedded speci-
mens prepared at intervals of 30 minutes, 24 hours and
48 hours after initiating assembly in the presence of taxol.
Turbidity measurements showed that 30 minutes after the
beginning of assembly, the 'steady state' plateau had been
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Fig. 5. The effect of taxol on the subunit
spacing, a, along the protofilaments. (a)
The reference assembly has an average
spacing of 4.01 0.03 nm; assembly in
the presence of taxol has an average spac-
ing of 4.16 + 0.04 nm. (b) Taxol added to
preassembled microtubules. Average spac-
ings for the two peaks: A, 4.05 ± 0.03 nm;
B, 4.17+0.02 nm. Despite the 10-fold
dilution when adding taxol, new micro-
tubules are nucleated, because the critical
tubulin concentration for assembly in the
presence of taxol is extremely small. The
newly generated microtubules, peak B,
have the subunit spacings found for
assembly in the presence of taxol. The
microtubule population with the smaller
spacing, peak A, shows the effect of taxol
on preassembled microtubules. This was
verified by adding taxol after pelleting
preassembled microtubules: over 90 % of
the microtubules in the pellet were within
peak A. Spacings were obtained by mea-
suring the separation of the equator and
the inner peak (n = 3) on the first layer-
line, nominally at 4 nm, in the computed
diffraction pattern of a large number of
individual microtubule images.
attained. Cryomicroscopy showed that, at this stage, the
specimen was composed of short microtubules, along
with a large number of sheet-like structures and isolated
or grouped protofilaments. The sheets and protofila-
ment structures disappeared slowly, leaving a stable pop-
ulation of long microtubules; this evolution may involve
end-to-end annealing and/or slow dynamic instability.
This behaviour with taxol was completely different, to
that of the control assembly, in which long microtubules
predominated 30 minutes after initiating assembly.
Careful examination of the micrographs showed that
there were often changes in the type of contrast along a
microtubule image. As the contrast is an accurate indica-
tor of the number of protofilaments (N), we conclude
that N often varies within an individual microtubule
[18]. An example of a transition from 13 to 15 protofila-
ments is shown in Figure 7. The data on the frequency
of transitions for the different assembly conditions are
summarized in Table 2. Microtubules assembled with
taxol have five times more transitions per unit length
than control microtubules assembled in the presence of
GTP. When taxol was added after assembly, there were
twice as many transitions as for the control. There are at
least two possible explanations for these observations.
Firstly, transitions could be defects generated during
microtubule growth. Assembly with taxol may be signifi-
cantly different from control assembly, involving a greater
number of growth defects. This could be related to
sheet-like nucleation structures [19] and microtubule
extensions rolling up into closed tubes [20]. Secondly, if
end-to-end annealing [21] plays a role in microtubule
elongation, transitions would be generated by the coales-
cence of microtubules with different numbers of protofil-
aments. Our data do not distinguish between these, or
other, explanations.
Conformational changes in microtubules
It is intriguing to note that, as shown here for taxol-
containing microtubules, a conformational change is
also associated with stable GMPCPP-containing micro-
tubules [6]. It is plausible that microtubules are stable
for certain 'GTP-tubulin-like' conformations and
unstable for 'GDP-tubulin-like' conformations. As in
the case of GMPCPP-stabilized microtubules, we can
speculate on how these conformations might influence
microtubule disassembly. During disassembly, protofila-
ments curl out from the microtubule extremities
[19,22]. This could be favoured by a kidney-bean-like
conformation of tubulin (Fig. 8a); in the presence of
taxol, we suggest that tubulin is locked into a straight-
ened conformation that prevents endwise disassembly
(Fig. 8b). This 'GTP-like' form would be slightly
longer than 'GDP-like' tubulin. Results with the two
stabilizing agents, GMPCPP and taxol, suggest that
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Fig. 6. Vitreous-ice-embedded speci-
mens showing how structures, assem-
bled in the presence of taxol, evolve
over time. Time after initiating assem-
bly: (a) 30 min, (b) 24 h, (c) 48 h.
Sheets (S) and protofilaments (P) are
indicated.
microtubule stability and instability may depend on
specific tubulin conformations.
Conformational changes at the molecular level might
also be expected to influence macroscopic properties
such as rigidity. Experimental results from different
groups of workers have shown that, compared to
GDP-microtubules, microtubules are more rigid in the
presence of GMPCPP [23] or with analogues of
inorganic phosphate bound to the tubulin y-phosphate
site in GDP-microtubules [24]. With taxol, the situation
is not so clear-cut. There are reports that microtubule
rigidity is lowered [24,25] and others that it is raised
[23,26]. Although our results do not directly address this
question, the elements of similarity that we find between
the effects of GMPCPP and taxol suggest, but of
course do not prove, that these two stabilizing agents
would be likely to have somewhat similar effects on the
macroscopic physical properties of microtubules.
Conclusions
It is well known that taxol stabilizes microtubules. We
show here that this stabilization is accompanied by struc-
tural modifications in the microtubules and that the
Fig. 7. A microtubule with an abrupt tran-
sition (arrow) from 13 to 15 protofila-
ments, in a specimen of taxol-stabilized
microtubules. Transitions were five times
more frequent in the presence of taxol
than in the control assembly. The depen-
dence of the frequency of transitions on
assembly conditions is shown in Table 2.
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Fig. 8. Hypothetical representations of
how microtubule stabilization by taxol
could be related to the conformation of
the tubulin dimer. (a) In the reference
assembly, the GDP-tubulin conforma-
tion looks like a kidney bean in side-
view (in section through the microtubule
wall) and this- favours protofilaments
peeling away from the microtubule at
the extremities; (b) In taxol-stabilized
microtubules, tubulin has a straight con-
formation (GTP-like) so that the protofil-
aments are locked together at the
microtubule ends. (c) Protofilaments
made from the 'bean-like' and straight
tubulin conformations have slightly dif-
ferent lengthwise spacings between
dimers. The same mechanism has been
proposed to explain the stabilizing
effect of GMPCPP, a non-hydrolyzable
GTP analogue 16].
effects are different when assembly is carried out in the
presence of taxol compared to when taxol is added after
assembly. For assembly with taxol, the tubulin molecule
appears to be 0.15 nm 'longer' than it is in the tubulin-
GDP lattice of standard microtubules. Taxol added after
assembly induces a much smaller lengthwise change in
the preformed microtubule lattice (0.04 nm). Signifi-
cantly, although this taxol-tubulin interaction produces
only a small conformational change in the microtubule
lattice, it does accompany full stabilization of the micro-
tubules. We note that taxol has been shown to bind to
preassembled microtubules with a stoichiometry that is
close to one molecule per tubulin dimer [27-29].
Recent structural studies of zinc-induced two-dimen-
sional tubulin crystals confirm that there is one taxol
molecule bound per tubulin heterodimer and indicate
that the binding site is near the interface between
protofilaments [301. Taken together, these results suggest
that the taxol-binding site is accessible, but only partially
exposed, when tubulin is already incorporated in the
microtubule lattice.
The larger structural modification produced when
microtubules assemble in the presence of taxol might be
related to a greater accessibility of the binding site
before tubulin is incorporated into the microtubule sur-
face lattice. This would allow taxol to trigger a length-
wise conformational change, and to modify the
curvature between protofilaments in the sheet-like
forms found during microtubule nucleation [19] and at
microtubule extremities during growth [20]. This cur-
vature change would produce microtubules with, on
average, fewer protofilaments [15,16,31]. We hope that
experiments with a wider range of stabilizing agents
will show whether there is a general microtubule
stabilization mechanism that involves conformational
changes of the tubulin dimer. Cryomicroscopy is a use-
ful technique for such tests, and also for further investi-
gation of the effects of modified taxols on microtubule
structure.
Materials and methods
Preparation of tubulin and microtubule assembly
Tubulin was purified as described previously [321. After the
phosphocellulose column, it was frozen in liquid nitrogen and
stored as 100 Il aliquots at -80 C. Stock solutions of taxol
were prepared in dimethyl sulfoxide and stored at -80 °C.
Microtubules were assembled under the three conditions
shown in Figure 2.
Electron cryomicroscopy
After various assembly times (up to three days for taxol-
containing microtubules), specimens were prepared as follows.
A pipette was used to apply a 4 1 sample to a copper electron
microscope grid covered with a holey carbon film treated by
glow discharge. The grid was blotted and rapidly plunged into
liquid ethane using a guillotine system. Specimens were stored
in liquid nitrogen or directly observed in an electron micro-
scope (Zeiss 10C) equipped with a specimen stage and anticon-
taminator cooled to liquid nitrogen temperature. Images were
recorded on Kodak S.O 163 film at 20 000 x magnification,
under low-dose conditions and at under-focus 1-2 pm. The
electron-optical magnification was calibrated using tobacco
mosaic virus kindly donated by J. Witz.
Image analysis
Micrographs were printed to a total magnification of
60 000 x. The length of different types of microtubule (classi-
fied according to their protofilament number) was measured
directly on these prints with a ruler. The percentage of each
category was calculated with respect to the total measured
length of the different types of microtubule - this was equiv-
alent to about 600 Rm at the specimen level. Moire-pattern
periodicities were measured on the same prints for each type
of microtubule.
For diffraction-pattern measurements, micrographs were digi-
tized using a charge-coupled device camera controlled by
Imstar software installed on a PC. A 0.1 mm-spacing graticule
overlaid on the micrographs gave a magnification calibration
for each digitized image. The digitized images were trans-
ferred to a Silicon Graphics 4D/310 GTX workstation and all
the image manipulation (sub-image selection, straightening,
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correction of background, Fourier transform, and so on) were
carried out using Supprim software. The position of the
nominally 4 nm layer line (three-start helix peak) [1] was
measured directly on the power spectrum of the microtubule
images. The spacing at the specimen (a) was deduced from
the measured layer-line separation (Xm) using the relation,
a = 0.01 Xc/(Xm M). The micrograph magnification is M, and
Xc is the separation of the diffraction maxima arising from the
calibration graticule. Theoretically, the a values depend some-
what on the rotation angle of the microtubule surface lattice.
We verified that the effect of the lattice rotation is negligible
compared to the differences in the a values measured for
microtubules assembled with and without taxol.
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